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CYCLIC ENGINE TEST OF CAST VITALLIUM
* TURBINE BUCKETS - II

By J. Elmo Farmer, George C. Deutsch
and Paul F. Sikora

SUMMARY

An investigetion was conducted to provlide data that mey be used
to correlate the englne service performance of cast Vitallium turbine
buckets with mstellurgical propertles. Deta were obtalned from four
turbine wheels of Timken alloy with cast Vitallium buckets. In
order to accelerate bucket deterlioration beyond the rate encountered
in service operation, the turbine wheels were subJected to 20-minute
cycles conslsting of 5 minutes at idle and 15 minutes at rated speed.

Examination of 12 broken buckets indicated that 8 of the fallures
were probably caused by fatlgue and 4 by Impact with pleces of other
broken buckets. Examlnatlions of broken and of unbroken buckets
dlsclosed no slignificant differences between the two groups with
respect to chemical composition, epsilon-phase distribution, or carblde-
mesh distributlan.

INTRODUCTION

As part of a general evaluation of varlous heat-resisting alloys
for Jet-engine and gas-turbine application, Investlgations were made
of four Timken-alloy turbine wheels with cast Vitalllum buckets in
an effort to provide data to be used to correlate the performence of
turbine buckets in actual engine operation with the results of
metallurgical laboratory examinatlons of the bucket materlal.

Cast Vitellium buckets of the current production type were
investigated In order to establish a criteriom for evaluating
materials thet have not been previcusly used in this application.

Bach of the turbine wheels was run through the same cyclle
engine test. The cycllc type of test was chosen to subject the
turbine buckets to a greater thermal shock than would be encountered
in normel operation in order to reduce the time necessary to cause

bucket failure.
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Identification of the nature of the mechanism that caused the
failures 1s important because such an identification would permit
en appralsal of the relative importance of the physical properties.
Chemical snalyses and metallurgical examinations were therefore made
of broken and of unbroken buckets.

APPARATUS AND PROCEDURE

The investigation of cast Vitallium turbine buckets was
conducted on turbojet engines mounted on a pendulum-type sea-level
test stand. The turbojet engines, incorporating a dual-entry
centrifugal compressor, 14 combustion chambers, and a single-stage
turbine, have a thrust rating of 4000 pounds. Wherever possible,
standard metallurgical procedures were used for the examination of
the buckets. In those cases where these procedures proved unsatis-
factory, they were altered as required.

Engine Operation

The apparatus, fuel, and Instrumentation used are described in
reference 1. The engine was operated on & 20-minute cycle (5 min
at 1dle and 15 min at rated speed). The operating conditions are
shown in the following table:

Duration |[Rotor speed |Gas temperature at
(min) [ (sec) (xrpm) exhaust-cone outlet
(°F)
5 0| 3500 = 50 1110 maximum
o 15 | Acceleration 1450 £+ 50
to 11,500
15 0 |11,500 £ 50 1240 £ 20
0 15 | Deceleration 1240 maxlimum
to 3500

In order to permit a thorough metallurglical examination to be
made, the procedure described in reference 1 was altered as follows:
After a fallure had occurred, the Initially broken bucket, the
diametrically opposite bucket, and, in random cases, the adjacent
bucket were removed from the wheel for metallurglcal examinetion.

In those cases In which more than one bucket failed, all damaged
buckets were removed.
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Metallurgical Examination
The following metallurglical examinatlon procedure was used:

Identification. - The buckets to be examined were ldentifiled
by assigning to each the number of the wheel and a number indicating
1ts circumferential poslitlon on the wheel relative to an arbltrerily
selected polnt. For example, bucket 53 ocn wheel 1 1s designated
bucket 1-53.

Visual examinatlion. - The broken buckets were visually examined
without magnification and under a low-power mlcroscope before they
wore sectloned for further analysls. Surface lrregularities, surface
and fracture-face texture, and coating color were particularly noted.

Radiographlc examination. - All buckets were radlographed after
removal from the test wheel. .

Coating examination. - The coatings of rendomly selected buckets
were mechanically removed and examined by X-ray diffraction methods.

Macroexamination. - The buckets were electrolytlcally etched
in 10-perceént hydrochloric acld to reveal the macrostructure. Graln-
size measurements were made &t six representative positioms (A, B,
E, F, I, and J, fig. 1) on the blade surface. The standard A.S.T.M.
grain-size procedure was followed except that a magnification of
unity was used lnstead of the usual 100XZ. It was noted whether the
fracture being examined was Intercrystalline or transcrystalline.

Chemlcal analysis. - The dovetall sectlon of each bucket
exaunined was cut off with an abrasive wheel and chips were removed
from each sectlon. These chips were analyzed by & commercilal
laboratory. Random check analyses were also made by the National
Bureau of Standards and by & commerclal laboratory.

Microexamination. - The blede areas of both the broken and the
unbroken buckets were sectloned as Indlicated In figure 1. Sections A
and B were polished for metallographic examination in both the
longltudinal and the transverse dlrectlons, together with the top
transverse surfaces of sectlions E, F, I, and J. The samples were
electrolytically etched 1n agueous hydrochloric aclid. The transverse
samples were rated for carblde-mesh distribution by measuring the
number of carbide-islend Intersections encountered on eight random
lines, each 1 inch long at a magnification of 100X. The average of
the elght values thus obtained was called the carbide-mesh number.

Hardness surveys. - Rockwell C hardness measurements were made
every 1/4 inch along the longitudinal face of section K, along the
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bottom transverse faces of sections E, F, I, and J, and along the
top transverse face of sections C and D.

X-rey examination. - Glancing X-ray diffraction photographa
were taken with a 225-millimeter camera using a collimating slit,
an iron tube, and & manganese filter from the following positions:
(a) unbroken buckets - near the edges on the bottom of the transverse
faces of sections A and B; (b) broken buckets - on the fractured
surfaces of the buckets near the leading and trailing edges.

RESULTS AND DISCUSSION

Cyclic englne tests were made on four turbine wheels with cast
Vitalllum buckets. Metallurglcal examinatlons were made on 12 broken
and 13 unbroken buckets.

Engine Operatlion

Wheel 1. - The first and second bucket failures, in cycle 22
at 7 hours and 20 minutes and in cycle 25 at 8 hours and 12 nminutes,
fespectively, are described in reference 1. The third bucket, 1-53,
?roke i? cycle 26 at & total running time of 8 hours and 34 minutes

fig. 2). :

Wheel 2. - The first bucket failure (bucket 2-18) occurred in
cycle 29 at 9 hours and 28 minutes (reference 1). The second
bucket, 2-48, broke In cycle 106 at a total running time of 35 hours
and 10 minutes (fig. 3).

Wheel 3. - Buckets 3-16 and 3-43 were removed for examination
after cycle 229 at 76 hours and 20 minutes total running time. Two
new buckets were Installed, the wheel balanced and the rumning
continued. Upon inspection after cycle 260 (86 hr, 40 min, total
running time), bucket 3-34 was found to be cracked on the convex
surfece. This bucket was replaced, the wheel balanced, and the
running continued. In cycle 268 (89 hr, 17 min), a failure occurred
that broke eight buckets and so damaged the others that running could
not be continued with this wheel (fig. 4). Four of the eight broken
buckets (3-33, 3-36, 3-45, and 3-49) were removed for examination.

Wheel 4. ~ The first bucket, 4-28, falled In cycle 156 at a total
running time of 51 hours and 57 minutes (fig. 5). The broken bucket
and two unbroken ones, 4-1 and 4-29, were removed from the wheel for
examination. Three new buckets were installed, the wheel balanced,
and the running continued. In cycle 188 (62 hr, 37 min, total

[4A:
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running tiﬁe), bucket 4-1A broke. This bucket (fig. 6) was ome
Installed after the firat fellure and had heen operated for 32 cycles
(10 hr, 40 min). The bucket was replaced, the wheel balanced, and

the running continued. The third bucket, 4-33, broke durlng cycle 180
at a total running time of 63 hours and 16 minutes (fig. 7).

Summary of. bucket fallures. - The results of the engine Investi-

gations are summarized I1n the followlng tshle:

Wheel [Bucket | Total Cycles
running
time
(br) | (min)
First bucket fallure
1 13 7 20 22
2 18 9 28 29
3 34 86 40 280
4 28 51 57 156
Second bucket fallure
1 2 8 12 25
2 48 35 10 1086
3 All 89 17 288
4 1A 10 40 32
Third bucket failure
1 53 8 34 26
2 e frmne femnee femcac-
Z Jecmae- JEGHUUY PEVEVIEPES P,
4 38 863 16 190

Metallurgical Examination

Results of the metallurglical examinatlon of the buckets showed

that:

1. All buckets were radlographically sound.

2. The chemical analyses of the buckets presented in table I
indicated that no signlficant differences in composition exlsted

between broken and unbroken buckets.



6 NACA RM Fo. E7J24

3, Appearance of the fracture faces of broken buckets permitted
clessification of the failures Into primary and secondary failures,
examples of which are shown in figures 8(a) and 8(b), respectively.

4, The fracture faces of the elght primary-fallure buckets
exhibited three dlistinct zomes that are quite different In
appearence (fig. 8(a))}. One zoné has & smooth appearance end is
codted with a tight oxide Ffllm ranging in color from light straw to
dark gray. Contrary to data presented in referemce 1, this zone
occurred randomly at either edge and iIn one case at the center of
the bucket. This apparent discrepancy in the resulis wes probably
caused by the Increased number of buckete examined in this investl-
gation. The second zome had the fibrous appearance that is cherac-
terigtic of fractured ductile mdterlial and was coated with a loose
porous oxide £1ilm ranging in color from a deep blue to dull gray or
black. The third Zone was a transitional one between the other two
zones both in location &nd in characteristics. Fractures of the
primary clags weére transcrystaelline across the entire bucket and
occurrsd in the center third of the blade length (fig. 9(a)). These
observations lead to the conclusion that the primary type of fallure
is caused by fatigue, which originates in the smooth zone end
progresses until the centrifugal stress on the remaining portion of
the bléde excees the ultimate strength of the materlial and the blade
fails in tension. The location of the origin of fatigue within the
simooth zone was extremely difficult to determine, particularly
becduss the fractiired &urface was always coated wilth a thlck oxide
layer, which wag difficult to remove by methods that dld not damage
the fracture face.

5. The fractured fédcés of four buckets representative of the
secondéry type of failure (fig. 8(b)) exhibited an appearance,
uniform across the entire bucket; that was simller both im color
and in texture to the fibrous zoné proviously described. This type
of failure was algdo transcrystalline and had & random distribution
along the blade length (fig. 9(b)). These failures probably occurred
upon lmpact with segments of other broken buckets.

8. The grain sizé, &8 dsotermined by macroexamination, varied
considerably from bucket to buckét and in most cases within the
bucket itself. Slight differences, however, did exist between broken
and unbroken buckets and between fallures due to fatigue and those
probably dué to impact. Thé grain size of all buckets examined may
be summarized a& follows:

24 ]
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(a) Grain size over entire bucket, average of all buckets
examined

Broken buckets 27 grains per asquare lnch
Unbroken buckeis 36 gralns per equare inch

(b} Grain size over entire bucket, average of all broken
buckets

Fatigue fallures 19 grains per square inch
Impact fallures 37 grains per aguere inch

(¢) Grain size at zome of failure, average of all broken
buckets

Fatigue failures 27 greins per sgquare inch
Impact failures 54 grains per square inch

From the above summary it may be seen that:

(a) Buckets that broke hed a somewhat coarser grain than
unbroken buckets. Within certain limits (reference 2), the high-
¥emperature rupture strength of cast alloys of thls type lncreasmes
with Increasing grain size. It therefore meems unlikely that the
fallures observed Iin this Investigation were csused by low rupbture
strength.

(b) Buckets that failed from fatigue had somewhat coarser
grains than buckets that falled by impact.

(¢) In the immediste zome of failure, buckets that failed by
fatligue had much coarser gralmns than buckets that falled by lmpact.

(d) Of the buckets that failed by fatigue, the grain size at
the fallure zone was finer than over the bucket in general.

7. As can be seen in table II, a very wide scatter of Rockwell C
hardness valuee was observed from bucket to bucket as well as in the
various gectlons of a single bucket. This scetter of values 1s the
expected conditiom in very coarse-gralned cast materials. The buckets,
however, tended to harden with Increasing running time and most of
the buckets were harder at the center than at elther the tip or the
base. No significant differences were observed between the broken
and unbroken buckets.

8. The microstructure appeared the same for broken and unbroken
buckets. The concentration of eutectic materisl noted 1n the nucleus
area in reference 1 was not apparent in this investigatiom.
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9. After engine operation, a nonuniform distribution of the
epslilon phase exlisted In the broken and unbroken buckets with some
buckets of each type being completely deveid of the phase. No signi-
ficant differences in quantity or in distribution of the epsilon
phase acould be detected by visual examination of the diffraction
patterns between the two types of bucket.

10, No significant differences could be detected in carbide~
mesh distribution between broken and unbroken buckets.
SUMMARY OF RESULTS

The results of the investigation of four Timken-alloy turbine
wheels with cast Vitallium buckets may be summarized es follows:

1. The results of fallures during the cyclic engine tesgts were:

Wheel |First bucket fallure |Second bucket fallure
Cycle | Total Cycle | Total

running - running
time time
(hr) (min) (hr) | (min)

1& 22 7 20 25 8 12

2 29 9 28 106 35 10

3b 260 | 88 40 268 89 17

4 156 51 57 188°¢ 10 40

8Third bucket failure, cycle 26 (8 hr, 34 min).

DA1l buckets badly damaged (four buckets — 3-33,
3-36, 3-45, and 3-49 — removed for examination}.

®rhis bucket, a replacement of a previous fallure,
operated only 32 cycles.

2., This investigation covered the metallurgical examinations
of 12 broken and 13 examined but unbroken cast Vitallium turbojet
buckets. Of the fallures, eight were caused by fatigue and four
were probably caused by impact.* The two types of fallures were
both transcrystalline but were easlly differentiated by the
appearance of the fractured surfaces.

3. All buckets examined showed the wide scatter of metallurgical
properties that is assoclated with coarse-grained cast materials.
This scatter may have obscured smell but important differences that
might have exlated between broken and unbroken buckets.
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4, No significent differences were detected between broken end
unbroken buckets in chemical composltion, hardness, epsilon-phase
quantity or distribution, or carbide-mesh distribution. It was
noted, however, that the buckets were somewhat harder in'the center
than at either the tip or the base.

S. After operatlion, it was noted that a nonuniform distribution
of the epsilon phase existed Iln both broken and unbroken buckets,
with several of each having no epsilon phase.

6. Although a very wlde scatiter of data was observed, the buckets
that falled by fatlgue were scmewhat coarser In grain slze than the
unbroken buckets.

Flight Propulsion Research Lsboratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Table I. - Chemlcal analyses of turblne buckets

~wE

Elemsnt, parcent
Wheel | Bucket | Condition Cr-| W1 Co ™ {CufCb (W 81 | C No| Mn | 8 P Pe

1 2 Bl‘okerl 27.96 3-04 65.92 5-& 0!01 - 0116 0-08 0;53 0.33 - 0.25 0-05 01026 0.49
13 Broken 27,78 | 2.68]63.90]5,85) .01| --| .19] .08| .67] .R9 ==l «33] .06 | .0R9] .75

53 Broken 27.81 | 2.38|61.49|5.68] Q0] .0O} ,00| .00| .68| .240)0,14] .56] .008| .,024| -~

12 Unbroken | 28,40 [ 2.31|62.69]56.80| .00| .00| 00| .00} .62| .250| .09 .61] .028| .014| --

26 Onbroken | 27.71| 2.97|61.31]5.55| .00 .0Q] .00 .0O| .58| .202( .,15] .51| .01l2| .03B| -~

2 18 Brokan 27,958 | 2.81]63,37]|5.60]0.01}] =~|0.19]0,18]|0.53)0.32 ~=]0.31]0.05 |0.081]1.06
48 Broken 27.90 | 2.45|62.51]56.37| .00|0.00| 00| .00| .B4] .264]| ,08] .68| .037| .058| =--

21 Unbroken | 27.61| 2.70|62.00|5.856) ,00| .00| .00| .00| .49| .244| ,13| .54 .025| .034| -~

49 Un'brokan 28;20 2.53 61-31 5-73 -00 -00 .00 -00 .58 1261 -15 l‘?? -020 .053 -

5 35 Broken 27.90 2!44 61.36 5!6’7 0000 OODO 0-00 0‘00 0.m 0-195 0.11 0-49 0-008 0-012 -
54 Braken 27.88 ) 2.25|62.22)5.683] .00| .00] .00] .00] .B7) .202] .13 .88] .007) .024| -~

28 Broleen 27.66| 2.24|61.49]65.65| .00] .00 .00| .00| .85] .193] .15] .48 .0l1l] .024] ==

46 BEroken 27.44 | 2.29)62,82]5.47| .00| .00| 00| .00| .88] .207| .1l1] .51 .00%7 .018] -~

49 Eroken 27.84 | 2.28]62.13(56.38| .00| .00| .00f .00} .76l .175| .13]| .47 .009] .OlB| ==

6 Unbroken | 27.84| 2,26)82.13{5.3%( .00| 00| .00] .00 .65 .226f .17| .61 .Q007| .O024] ~-

9 Unbroken | 27.88] 2,19/62.19)5.66| .00| .00| .00 .,00| .€1} .221} .1l1l| .63} ,009] .024] ~=

16 Unbroken | 28,16| 2.27|62.75|56.680| 00| .00] 00| .00} .41] .231) 13} .49] .024] .020] --

18 Unbroken | 27.71) 2.45/61,48]5.,5%| .00] .00} ,00] .00} .69) .gll] .15] .64 .0l0] .0RQ| ==

22 Unbroken 27.87 ) 2.42|61.71]|5.83| Q0] 00| .00] .OO] .BB| .216 12| .4 .008) .026 -~

45 Unbrokm 23‘34 2.15 62 .BB 5!21 um -00 .00 .00 |49 1235 112 Ial l024 '020 -

4 14 Broken £7.80] 2.,74)61.35] 5.48]0,.00| 0,00} 0.00)0.00} 0,52} 0,306/0,17| 0.8 0,012/ 0,018) --
28 Broken 2'7.20 2!65 62 .34 5|59 -00 -00 -00 .00 065 .522 ¢15 . 0051 -058 -

1l Unbroken 28.28] 2.80)81.40] 5,70 +00 .00 200 +00 » 65 +247 12 . «038] .030 -

ZBA Unb'l‘oken 2‘7 -97 2-29 61 l75 50& .00 000 -DO -Ool 052 .32 .23 .51 Ioll 1009 -

29 Unbroken | 27.58| 2.,78|61.71| 65.70] .00| .00| .00} OO .65 .291| .14| .68 .038 036 ==
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Table II. ~ Rockwell C hardness survey of turbine buckeis

Values represent average values for each positlon *iiﬁgﬁi;’
Total
running |Condition Rockwell C
time T1 Genter Base
Wheel | Bucket TeadIng | Tralling | Leading | Trailing | Leading | Tralling
{hr) | (min) edge edge edge edge edge sdge
1 53 8| 34 Broken - -- 39 41 37 38
12 8 12 Unbroken 31 o2 S5 3l 30 26
28 g | 34 Unbroken 35 32 32 34 34 a7
2 . 18 9 | 28 Broken - - 7 36 28 25
48 35 | 10 Broken - - 37 37 36 35
21 35 | 10 Unbroken 24 24 31 37 41 40
49 35 ) 10 Unbroken - - 39 38 36 &7
3 33 89 | 17 Broken - - 43 39 34 35
34 88 | 40 Broken - - 42 37 44 45
36 89 | 17 Broken - -- 44 34 41 45
45 89 | 17 Broken - - 42 59 35 38
49 89 | 17 Broken - -- 43 4l 54 3
8 89 | 17 Unbroken -— - 45 42 34 37
9 89 | 17 Unbroken 43 41 43 42 38 35
186 76 | 20 Unbroken - - 41 37 - -
18 89 {17 Unbrolen 38 39 39 41 36 35
22 B | 17 Unbroken - - 42 45 43 44
43 76 { 20 Unbroken 42 39 42 59 30 29
4 1A 10 | 40 Broken - - -~ - 38 -39
28 51 | &7 Broken - -- 42 42 - -
1 51 | 57 Unbroken 32 32 42 33 40 35
28A 10 | 40 Unbroken - - 55 36 38 a7
20 51 | &7 Unbroken 39 32 44 45 33 53

Zi
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1-27. 47

Figure 2. - Wheel | after third bucket failure (bucket 1-53) during
cycle 26 at total running time of 8 hours and 34 minutes.
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Figure 3. - Wheel 2 after second bucket faiture (bucket 2-48) during
cycle 106 at total running time of 35 hours and 10 minutes.
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c- 17520
1- 10-47

Figure 4. -~ Wheel 3 after second bucket faiture occurred during cycle
268 at total running time of 85 hours and 17 minutes damaging elight
buckets.
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C- 18024
10+ 15. 46

Figure 5, - Wheel 4 after first bucket failure (bucket 4-28) during
cycle 156 at total running time of 51 hours and 57 minutes.

21






NACA RM No. E7J24 23

e 3
THGHEN

o 1 4 3 - &
Illl!l!lllllhllllllll 1

*
. Ce 17340
12-9-46
Figure 6. - Whee! 4 after second bucket failure (bucket 4-1lA) during
cycle 188 at total running time of 62 hours and 37 minutes. This
bucket was installed after first bucket failure and was run 32 cycles
{10 hr, 40 min).






822

NACA RM No. E7J24

C- 176 16
1= 16- 47

Figure 7. - Wheel 4 after third bucket failure (bucket 4-39) during
cycle 190 at total running time of 63 hours and [6 minutes.

25
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{a) Primary falilure,
caused by fatigue.

{b) Secondary failure, probably c- 1635
caused by impact. 8- 18-47

Figure 8. - Fractured faces of primary and secondary types of turbine-
bucket failure.
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e )
Wheel
‘ /—,_—Bucket
N 2-48
~—__ 2-18
1 l-2
) R
=+ =28
I 1-53
=
o
I Leading edge
LA X
[— . \
ya 1 \
yA \

(a) Fallures caused by fatigue.

NACA

Figure 9. — Composite profile of failures of cast Vitalfium turbine
buckets.
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Whe el

! ’/\ 5/-:9 I-—Bucket
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T 3-33
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N
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(b) Failures probsably caused by impact.
S NACA -~
Composite profiie of faltures of cast Vitallium

Figure 9. - Concluded.
turbine buckets.
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